We report on the results of powder and single crystal neutron diffraction to investigate the magnetic order in YbCo2Si2 below the Néel temperature TN = 1.7 K in detail. Two different magnetically ordered phases can clearly be distinguished. At lowest temperatures a commensurate magnetic structure with a propagation vector k1 = (0.25 0.25 1) is found, while the intermediate phase (T > 0.9 K) is characterized by an incommensurate magnetic structure with k2 = (0.25 0.086 1). The magnetic structure in YbCo2Si2 is in marked contrast to all other known RCo2Si2 compounds (R = rare earth element) likely due to some itineracy of the Yb 4f states being responsible for the magnetism.
I. INTRODUCTION
Yb-based compounds have attracted particular interest due to their unique physical properties such as intermediate-valence, heavy-fermion, and recently nonFermi-liquid (NFL) phenomena in the vicinity of quantum critical points (QCPs) [1] [2] [3] . One of the most intensively studied Yb-based heavy-fermion compounds is YbRh 2 Si 2 which orders antiferromagnetically at a very low T N ≈ 0.07 K 4 . The magnetic order can be suppressed to zero by application of a small critical magnetic field or by applying slightly negative chemical pressure through substitution of La, Ir, or Ge for Yb, Rh and Si, respectively [2] [3] [4] [5] [6] . Resistivity and thermodynamic measurements of this compound show interesting properties such as pronounced NFL behavior 4 , divergence of the heavy quasiparticle mass and of the magnetic Grüneisen parameter at the QCP 2, 7 . However, the very weak antiferromagnetic order in YbRh 2 Si 2 makes it difficult to study the unusual properties using microscopic probes. Several attempts to determine the magnetic structure by neutron diffraction failed due to the small size of the ordered magnetic moment (10 −3 µ B ) 8 . A further complication in performing neutron scattering on YbRh 2 Si 2 is the high neutron absorption cross section of Rh restricting the effective sample thickness. Nevertheless, dynamic magnetic correlations were detected at incommensurate positions (δ δ 0), δ ≈ 0.14 at low temperatures T = 0.3 K exhibiting no dispersion 9 . These incommensurate spin correlations evolve into ferromagnetic correlations at a higher temperature of 15 K 9 .
To overcome the difficulties in studying pure YbRh 2 Si 2 we followed the route to stabilize the antiferromagnetic state by application of hydrostatic pressure or by suitable chemical substitution. The latter reduces the unit cell volume and acts as positive chemical pressure. This results in an increase of both, the ordering temperature T N and the size of the ordered moment. Our studies indeed show that substitution of Rh by isovalent Co stabilizes the antiferromagnetic state and enhances T N 10,11 . Recently, we reported neutron powder diffraction results on YbCo 2 Si 2 12 where we observed for the first time magnetic superstructure peaks at lowest temperature which exhibit a pronounced shift in an intermediate phase below T N . The intensities of these two phases show significant changes and point to marked differences in the magnetic structures 12 . However, in those initial experiments we could not determine unambiguously the propagation vector, since only very few magnetic peaks could be observed. Therefore, a more detailed understanding of the magnetic ordering phenomena in YbCo 2 Si 2 is highly desired. Furthermore, the magnetic structure in YbCo 2 Si 2 serves as a reference for iso-structural quantum-critical YbRh 2 Si 2 .
The magnetic properties of YbCo 2 Si 2 (space group I4/mmm) were initially studied on polycrystalline samples by Hodges who observed antiferromagnetic order below T N ≈ 1.7 K with an ordered magnetic moment of 1.4 µ B /Yb using Mössbauer spectroscopy measurements 13 . He interpreted the reduced moment in comparison to e.g. the free Yb 3+ moment as a result of crystalline electric field (CEF) effects. Later on, magnetization 14, 15 and inelastic neutron powder measurements 16 confirmed the Yb valence to be trivalent and revealed a CEF level scheme of this tetragonal compound with a ground state doublet and excited doublets at ∆ ≈ 4.0, 12.5 and 30.5 meV. Recently, we studied single-crystalline YbCo 2 Si 2 using magnetic susceptibility, magnetization, specific heat and electrical resistivity measurements 10, 15, 17, 18 . As a result, YbCo 2 Si 2 displays a pronounced easy-plane anisotropy and exhibits two magnetic transitions at T N ≈ 1.7 K and T L ≈ 0.9 K. The high-temperature susceptibility follows a Curie-Weiss behavior with an effective moment arXiv:1607.01093v1 [cond-mat.str-el] 5 Jul 2016 µ ef f ≈ 4.7 µ B /Yb in close agreement with the free Yb 3+ moment and a Weiss temperature Θ ≈ −4 and 160 K for magnetic fields B parallel and perpendicular to the basal plane, respectively. No magnetic contribution from Co has been observed 10, 14, 15 . Magnetization, susceptibility and magnetoresistance measurements indicate a complex B − T phase diagram with some anisotropy in the basal plane 17, 18 . Here we report the results of our investigation from powder and single crystal diffraction measurements to study the magnetic structure of the two magnetically ordered phases in YbCo 2 Si 2 .
II. EXPERIMENT
Single crystals and polycrystalline samples of YbCo 2 Si 2 were prepared by flux growth using indium as flux 10 . X-ray powder diffraction was used to verify the crystal structure.
Neutron powder diffraction experiments were performed at the Berlin Neutron Scattering Center (BENSC) using the diffractometer E2 with a neutron wavelength λ = 2.39Å. Approximately m = 7 g of YbCo 2 Si 2 powder was sealed inside a copper container. A small amount of a deuterated methanolethanol mixture in the sample container, which solidifies upon cooling, improved the thermal coupling, but also resulted in an increased background and a broad hump around 2Θ = 40 deg. as seen for all pattern in Fig. 1 . The sample can was mounted on a 3 He stick and allowed measurements in the temperature range between T = 0.4 and 2 K. Typical counting times per powder pattern displayed in Fig. 1 
III. RESULTS AND DISCUSSION
The x-ray powder diffraction pattern of YbCo 2 Si 2 obtained at room temperature as well as the neutron powder diffraction pattern taken at 2 K confirm the tetragonal ThCr 2 Si 2 -type structure (I4/mmm) in which the Yb atoms occupy the 2a site, while the Co atoms sit on the 4d site and Si atoms are placed on the 4e site with z = 0.3650 (1) . The refined lattice parameters from x-ray diffraction at room temperature are a = 3.8512(1)Å and c = 9.6887(2)Å in good agreement with the previously reported values by Kolenda et al.
14 . Fig. 1 displays the neutron powder pattern of YbCo 2 Si 2 taken at three different temperatures corresponding to the paramagnetic regime at T = 2 K and in the two magnetically ordered phases at T = 0.43 and 1.1 K. The measurements are in line with the previous neutron diffraction results 12 and reveal additional Bragg peaks below 2 K due to magnetic ordering. However, only three magnetic peaks at lowest temperature and two magnetic peaks in the intermediate phase are clearly visible making it difficult to unambiguously determine the propagation vector. For a reliable determination of the propagation vector single-crystal neutron diffraction is inevitable and was carried out on SXD. The neutron intensity in a part of the reciprocal (hk0) scattering plane in YbCo 2 Si 2 is shown as color-coded intensity maps in The neutron data taken on TAS-2 allowed a more accurate determination of the propagation vector. No change of the incommensurate value of k 2 within the measurement accuracy has been detected between T L and T N . The absence of (100) and (001) magnetic reflections indicates that the magnetic structure in both phases is not as simple as for other members of the family of RCo 2 Si 2 compounds (R= Pr, Nd, Ho, Tb and Dy) whose magnetic order can be represented as an antiferromagnetic stacking of ferromagnetic ab-planes along the tetragonal c-axis 21 . A reliable determination of magnetic intensities from the single-crystal measurements was not possible because absorption cannot be neglected for the very thin, plate-like crystals, and due to the effect of domain formation and population in this highly symmetrical, tetragonal compound.
Instead, the neutron powder pattern of YbCo 2 Si 2 were reinvestigated with the knowledge of the propagation vectors. In order to separate the magnetic contribution to the powder pattern, the data recorded in the paramagnetic regime at T = 2 K were subtracted from the pattern at lower temperatures. The resulting difference pattern are displayed in Fig. 4 together with fits of the magnetic structure to the data (see below). The propagation vectors are validated by the powder measurements and the positions of the observed magnetic satellite peaks are well described by k 1 and k 2 . Moreover, the existence of magnetic satellite peaks of the (000) and (002) nuclear peaks in both phases indicates that a considerable fraction of the ordered moment is perpendicular to the c-axis. This is in good agreement with previous results from the Mössbauer spectroscopy 13 .
The two strongest magnetic superstructure peaks in the powder diffraction pattern of YbCo 2 Si 2 , the (000) + and (101) − satellite peaks [(hkl) ± = (hkl) ± k 1/2 denotes a satellite peak of the nuclear (hkl) peak], have been recorded at several temperatures. Their integrated intensity as a function of temperature is plotted in Fig. 5(a) . Magnetic intensity fully vanishes just above 1.7 K in close agreement with bulk measurements 10 . In contrast to the continuous phase transition at T N , the intensity of the commensurate magnetic peaks disappears suddenly at T L ≈ 0.9 K. Moreover, as displayed in the inset of Fig. 5(b) the pattern recorded at T = 0.9 K shows the magnetic superstructure peaks of both phases, the commensurate as well as the incommensurate one, i.e., phase separation takes place indicating a firstorder transition from the commensurate low-temperature to the incommensurate intermediate-temperature phase.
Our results are consistent with the first-order nature of this transition seen in heat capacity and magnetization measurements 10, 22 . We now turn to the discussion of the magnetic structure in YbCo 2 Si 2 in more detail. Magnetic neutron scattering only probes magnetic moment components perpendicular to the scattering vector. Hence, the strong increase of the (000) + magnetic intensity from the lowtemperature to the intermediate-temperature phase is mainly due to a spin reorientation taking place at the commensurate -incommensurate transition. The change in the propagation vector from k 1 to k 2 seems only to be a minor effect.
In order to determine the magnetic structure a magnetic symmetry analysis has been performed to find the allowed irreducible representations and their basis vectors for the propagation vectors k 1 and k 2 in the space groups I4/mmm (for details see Appendix). Such an analysis for the YbCo 2 Si 2 magnetic structure (Yb 22 . To decide whether the magnetic moments are perpendicular or (anti-)parallel to the projection of the propagation vector k 1 on to the basal plane, we fitted the powder pattern for both possible moment directions. Assuming moments along [110] we could only get the intensity of the primary (000) + peak correct while the intensities of all magnetic satellites at higher scattering angles are systematically strongly underestimated. In contrast, assuming magnetic moments in [110] direction a satisfactory fit to all magnetic peaks can be obtained as seen in Fig. 4(a) . With k 1 = (0.25 0.25 1) and moments along [110] we obtain a commensurate antiferromagnetic structure with equal Integr. intensity (a.u.) moments on each Yb site. The size of the ordered moment at T = 0.43 K is determined to 1.42(2) µ B /Yb in close agreement with the Mössbauer results. Fig. 6(a) is a visualization of the magnetic structure where only the modulation of the magnetic moments along a is shown. Along the b direction the same modulation of the moments occurs as along a.
Above T L ≈ 0.9 K, i.e., in the incommensurate intermediate phase with k 2 = (0.25 0.086 1), moments along [001] can be ruled out for similar reasons as in the lowtemperature phase. However, symmetry analysis allows also for magnetic moments in the tetragonal basal plane along [100] and/or [010] . Considering an amplitudemodulated magnetic structure and the moment direction along [100] the calculation yields for the two most prominent magnetic satellites at lowest scattering angles (cf. Fig. 4(b) ) a ratio of the intensities I (000) + /I (101) − ≈ 360 while the ratio of the measured intensities amounts to ≈ 7.4. Hence, such a model with magnetic moments only along [100] can also be discarded. Assuming that the Yb moments are amplitude modulated and point in the [010] direction results in a ratio I (000) + /I (101) − ≈ 6.8 being quite close to the observation. The fit of this model to the powder pattern is displayed in Fig. 4(b) and describes already well the data. It yields for the ordered magnetic moment 1.19(1) µ B /Yb (root mean square value) at 1.1 K. It should be noted that no higher harmonic magnetic satellite peaks, i.e., G±3k 2 , G±5k 2 , ... (G being a reciprocal lattice vector) have been observed. Allowing the magnetic moments to take any direction within the tetragonal basal plane as permitted by symmetry (see Appendix), either an amplitude-modulated magnetic structure or an in-plane spiral spin arrangement fit equally well the experimental data. Only with the help of polarized neutron diffraction can both structures be distinguished and the incommensurate magnetic structure unambiguously be determined. The fit of the amplitudemodulated structure gives a moment in the basal plane forming an angle of about 20 deg. with the [010] axis. The modulation of the magnetic Yb 3+ moments within the basal plane of YbCo 2 Si 2 is displayed in Fig. 6(b) . As a result, the magnetic moments in the intermediate phase are aligned almost perpendicular to the propagation vector k 2 = (0.25 0.086 1) and hence to (000) + which is the origin of the strong increase in intensity of the (000) + peak when crossing the commensurate -incommensurate phase boundary. Since thermodynamic and trans-port properties display strong anisotropies within the basal plane with quite different magnetic B − T phase diagrams 17, 22 , we favor the amplitude-modulated magnetic structure instead of a spiral magnetic structure for the intermediate, incommensurate phase. However, as already mentioned above polarized neutron diffraction is desired to fully solve the structure in the incommensurate phase. The intensities of the few magnetic peaks recorded in the single crystal measurement are consistent with the magnetic structure derived from the neutron powder measurements.
The temperature dependence of the ordered magnetic moment has been extracted from fits of the two abovementioned magnetic structures to the whole powder pattern taken at different temperatures and is shown in Fig. 5(b) . The ordered moment increases smoothly below T N without any major anomaly at T L corroborating that at T L just a spin reorientation takes place. A power-law fit of the form m = m 0 (1−(T /T N )) β to the ordered magnetic moment (solid line in Fig. 5(b) ) describes well the data from about 1 K up to T N . It yields a Néel temperature T N = 1.74(2) K and a critical exponent β = 0.36(3), the latter being quite close to β = 0.367 expected for a 3D Heisenberg system, but still compatible with β = 0.345 within the 3D X − Y model 23 . As expected, with the same T N and β the temperature dependence of the (000)
, whose integrated intensities were obtained independently by single peak fits, is reproduced as indicated by the solid lines in Fig. 5(a) . It is shown above that the magnetic moments of the antiferromagnetic structure are confined to the basal plane as expected from the CEF analysis and the anisotropy in the magnetic susceptibility 15 . Hence a 3D X −Y model might be appropriate for YbCo 2 Si 2 . However, the almost isotropic critical magnetic fields to suppress antiferromagnetic order 17,18 suggest a Heisenberg scenario. Further measurements are needed to decide which model is better suited to describe YbCo 2 Si 2 .
Comparing the magnetic structure of YbCo 2 Si 2 with other members of the RCo 2 Si 2 (R = rare earth Pr, Nd, Tb, Dy, Ho, Er and Tm) series similarities, but also marked differences become apparent. Well below their individual ordering temperatures all rare-earth based RCo 2 Si 2 except YbCo 2 Si 2 order antiferromagnetically with a propagation vector k = (0 0 1) in a collinear magnetic structure. Ferromagnetically ordered basal planes are stacked antiferromagnetically along the c-direction and break the body centering of the tetragonal crystal structure 21, 24 . While the magnetic moments in the light and the heavy rare-earth based RCo 2 Si 2 up to HoCo 2 Si 2 are aligned along c, from ErCo 2 Si 2 on and including YbCo 2 Si 2 the moments are oriented perpendicular to the c-axis. This can be understood as a result of the different CEF schemes as determined by inelastic neutron scattering and Mössbauer spectroscopy 16, 21, [24] [25] [26] . The origin lies in the sign of the B 20 parameter (in Stevens notation) in the CEF Hamiltonian, which is related to the paramagnetic Curie-Weiss temperatures along the different crystallographic directions. Depending on the sign of the B 20 parameter a change from a large uniaxial magnetic anisotropy (magnetic moments along the c-direction) to a basal-plane anisotropy (moments perpendicular to the c-axis) occurs. Common to all RCo 2 Si 2 is the existence of an incommensurate modulated magnetic phase just below the Néel temperature T N 27-30 whose origin lies in the RKKY-interaction, the oscillatory exchange interaction between the rare-earth 4f electrons mediated by the conduction electrons.
The interplay between the RKKY-interaction, favoring incommensurate modulated magnetic structures, and the CEF effects, preferring certain moment directions, determines the experimentally realized magnetic structures in the RCo 2 Si 2 compounds. In contrast to all other RCo 2 Si 2 , YbCo 2 Si 2 exhibits unusual magnetic propagation vectors. In YbCo 2 Si 2 not only an antiferromagnetic stacking of the Yb 3+ moments occurs along c, but also the ordering in the basal plane is antiferromagnetic. Moreover, both propagation vectors, k 1 = (0.25 0.25 1) and k 2 = (0.25 0.086 1), together with moments in the basal plane break the tetragonal symmetry of YbCo 2 Si 2 . It remains currently an open question to which extent the symmetry of the crystallographic structure is also reduced in the magnetically ordered regime. The occurrence of two quite different magnetically ordered phases in YbCo 2 Si 2 indicates that both magnetic structures are energetically close to each other. This suggests that the magnetic interactions in YbCo 2 Si 2 might be frustrated. Especially for the quantum-critical sister compound YbRh 2 Si 2 the possible existence of frustration is an important issue and will be further pursued in the future.
While the magnetic order in the other RCo 2 Si 2 is of purely localized moments, the unusual magnetic behavior of YbCo 2 Si 2 might well be a result of the fact that the 4f electrons of Yb are not fully localized, but retain some small itinerant character. A small amount of itinerant Yb 4f states has indeed been recently seen in ARPES measurements on YbCo 2 Si 2 31 and is also corroborated by heat capacity and resistivity measurements 10 . Interestingly, a similar effect is observed in the isovalent Kondo lattice CeRh 2 Si 2 . This compound presents a complex antiferromagnetic order of seemingly completely localized Ce 3+ moments 32, 33 , but with propagation vectors in marked difference to those of the RRh 2 Si 2 (R = rare earth) homologues with a stable rare earth local moment. In CeRh 2 Si 2 the width of the quasi-elastic line in neutron scattering in the paramagnetic state indicates a significant Kondo interaction 34 . However, de Haas-van Alphen experiments did not reveal a strong effect of this Kondo interaction in the electronic states at the Fermi level 35 . Thus, in the two compounds YbCo 2 Si 2 and CeRh 2 Si 2 , where the RKKY interaction succeeds over the Kondo effect, the latter does not lead to strong changes in the electronic states observed directly, but seems to strongly affect the propagation vector of the magnetically ordered state. Therefore, the propagation vector might be a very sensitive probe of hybridization effects in Kondo lattices with dominating RKKY interaction.
IV. CONCLUSION
We have presented results of single crystal and powder neutron diffraction on YbCo 2 Si 2 to study the magnetic order below T N ≈ 1.7 K in detail. The magnetic structure in the ground state is a collinear structure with a propagation vector k 1 = (0.25 0.25 1) and ordered magnetic moments of 1.4 µ B /Yb oriented along [110] . In the intermediate phase above T L ≈ 0.9 K the magnetic order becomes incommensurate with k 2 = (0.25 0.086 1) and either a spiral spin arrangement in the basal plane or amplitude-modulated moments in the basal plane almost along [010] . Magnetic intensity vanishes continuously at the Néel temperature T N ≈ 1.7 K in accordance to thermodynamic and transport measurements and exhibits a critical exponent β = 0.36 (3) Landau theory for a second-order phase transition such an analysis implies that only one irreducible representation becomes critical. Then, for the magnetic structure determination only the moment directions given by the basis vectors which belong to the irreducible representation being considered, have to be taken into account.
Since the transition at the Néel temperature is second order, representation analysis certainly is valid for the intermediate phase (T L < T < T N ). However, even for the commensurate magnetic structure at lowest temperatures representation analysis holds since this state can also be reached from the paramagnetic state at high fields at low T via a second-order transition as a function of (decreasing) magnetic field along [110] 22 . The representation analysis for the magnetic Yb on the 2a site within the tetragonal I4/mmm structure of YbCo 2 Si 2 and a propagation vector k 1 = (0.25 0.25 1) yields for the magnetic representation three one-dimensional irreducible representations Γ M ag = Γ 2 + Γ 3 +Γ 4 following Kovalev's notation 36 . The basis vectors Ψ of these irreducible representations indicate possible directions of the ordered magnetic moment. Table I displays the irreducible representations as well as the basis vectors.
For the intermediate phase (T L < T < T N ) the magnetic representation decomposes into two onedimensional representations, one of which occurs twice, Γ M ag = Γ 1 + 2Γ 2 . The corresponding basis vectors together with their irreducible representations are again shown in Table I . In addition to an amplitude-modulated structure equally possible is also a spiral structure in Fig. 7 together with the magnetic diffraction pattern already shown in Fig. 4 . Clearly the commensurate structure is described by magnetic moments along 
